Abstract We described the ecology of the spider crab Libinia ferreirae testing the habitat segregation during the ontogenetic shifts. Collections were performed monthly by trawling along the coastal area of Cananéia, São Paulo State (southeastern Brazil). Medusae were examined for the presence of any symbionts, and crabs were classified as juveniles (abdomen sealed to the sternite), adults (unsealed abdomen), and ovigerous females (embryos adhered to the pleopods). The environmental factors related to the water column were obtained using a multiparameter probe. In total, 564 adults and 357 juveniles were collected. However, all juveniles were obtained in association with Lychnorhiza lucerna medusae. An increase in the abundance of ovigerous females was observed as chlorophyll levels (phytoplanktonic production) increased, which is consistent with the patterns proposed for crustaceans with planktotrophic larval stages, i.e., the association of larval hatching with oceanic productivity could explain the success in juvenile recruitment approximately two months after the peak in the abundance of ovigerous females (crosscorrelation: r = 0.96). This spider crab shows an ecological strategy of habitat segregation among juvenile and adult individuals, thus avoiding competition for resources among different life cycle stages.
Introduction
The timing and length of reproductive activities in crustaceans are strongly influenced by changes in environmental factors. For instance, chlorophyll content (phytoplanktonic productivity) is higher during periods with higher temperatures, thus increasing the density of food resources and consequently enhancing zooplankton abundance (Thorson, 1950) . Phytoplankton are the main primary producers in coastal environments and are responsible for the onset of mass and energy flow through these trophic webs (Thorson, 1950; Vega-Perez, 1993) . Therefore, they also contribute to the fertilization of such areas, which directly supports herbivorous taxa and indirectly supports animals in the higher levels of the trophic web (Dring, 1992) . In addition to affecting the food supply, water temperature can also directly influence crustacean reproduction. Patterns of continuous reproduction are commonly observed in tropical species where constant temperatures are maintained throughout the year [e.g., the shrimp Xiphopenaeus kroyeri (Heller, 1862) and the crabs Persephona spp in Ubatuba bay (23°S) (Almeida et al., 2013; Castilho et al., 2015) ]. In contrast, seasonal reproductive patterns are generally observed in species from higher latitudes (temperate region), which are influenced by greater range environmental conditions (periodic or not) [e.g., the shrimp Sicyonia ingentis (Burkenroad, 1938) and the crab Cancer setosus Fabricius, 1798, respectively, in California (34°N) and Chilean coasts (41°N) (Anderson et al., 1985; Fischer & Thatje, 2008) ]. Thus, species adjust their life cycles to take advantage of periods with more favorable conditions to promote their development and survival (Sastry, 1983) . However, the reproductive success of crustaceans can be evaluated by the occurrence of ''effective spawning,'' which, as proposed by Crocos & Van der Velde (1995) , refers to situations in which a peak in the abundance of reproductive individuals is immediately followed by an observable peak in the number of juvenile individuals in subsequent months.
The spider crab, Libinia ferreirae Brito Capello 1871, is exclusively distributed in the western Atlantic Ocean (Costa Rica to Uruguay) from coastal areas up to depths of 35 m, mainly in muddy bottoms (Melo, 1996; Tavares & Santana, 2012) . This Majoidea crab engages in symbiotic relationships throughout its lifespan. Megalopa larvae and juveniles associate with scyphozoan medusae, possibly enhancing the juvenile recruitment of these crustaceans by allowing them to move over a wide range while experiencing a lower predation rate (Gonçalves et al., 2016a) . As adults, these crabs can host several epibionts (e.g., algae, sponges, and cnidarians), thereby expanding the distribution of these sessile organisms while gaining protection (camouflage) (Nogueira Jr. & Haddad, 2005; Hultgren & Stachowicz, 2011) . L. ferreirae experiences heavy fishing pressure in both juvenile (=immature) stages, when it is captured inside its host medusae, and adult stages because it shares the same habitat as commercially targeted shrimp species (Schroeder et al., 2014; Branco et al., 2015) . Fishing efforts on the Brazilian coast are directed toward the capture of numerous economically valuable shrimp species, especially X. kroyeri (D'Incao et al., 2002; Castilho et al., 2015) , which has caused a rapid decline in shrimp stocks and the stocks of bycatch fauna and has led to significant losses of spawning biomass and biodiversity (Castilho et al., 2008a) .
Studying the reproductive biology is fundamental to understanding the relationship between the reproductive and recruitment periods of certain species as well as their spawning processes and how particular environmental conditions influence these parameters (Castilho et al., 2008a; Varisco & Vinuesa, 2011) . The aim of this study was to describe the ecology of L. ferreirae in the region of Cananéia, São Paulo State (southeastern Brazil), by characterizing its reproductive periodicity, juvenile recruitment, sex ratio, and ecological distribution. We tested the hypothesis of habitat segregation of L. ferreirae during ontogenetic shifts, avoiding competition for resources among juvenile and adult stages.
Materials and methods

Biological sampling
Biological sampling was performed monthly at seven sampling stations by trawling for 30 min at each station. Trawls were conducted in the estuarine lagoon system of Cananéia-Iguape and its adjacent oceanic area ( Fig. 1 ) using a shrimp fishing boat outfitted with double-rig nets from July 2012 through May 2014. However, individuals living in symbiosis with Lychnorhiza lucerna Haeckel, 1880, were identified from February 2013 through May 2014. Each medusa sampled by trawling was examined for the presence of crabs in the following body cavities: exumbrella, oral arms, oral pillars, gastric cavity, subgenital pouch, and gonads.
Sampled crabs were identified to species (Melo, 1996; Pohle et al., 1999; Tavares & Santana, 2012) and sexed based on the shape of the abdomen (a thin shape for males and an oval shape for females) and the number of pleopods (two pairs for males and four pairs for females) (Ingle, 1977; Almeida et al., 2013) . The carapace width (CW) was measured using digital calipers (accuracy of 0.01 mm), as the great distance between the spines of the lateral margin of the carapace, a microscope/stereoscope (Zeiss Stemi SV6) equipped with an image capture system (Zeiss Stemi 2000-C) (accuracy of 0.0001 mm), was used to measure individuals with a CW \5 mm. The abundances, as percentages, of ovigerous females (F OVG) and symbiotic juveniles were plotted according to their geographic coordinates in the region using Surfer software (version 8.0, Golden Software, California).
Reproductive aspects
Individuals were classified as juveniles or adults based on the adherence of the abdomen to the cephalothoracic sternite; the abdomens of juveniles (unable to reproduce) were sealed to the sternite by a cementing substance (Bolla & Negreiros-Fransozo, 2016) . Alternatively, adults (able to reproduce) had an unsealed abdomen with no cementing substance (Haefner, 1990; Guinot & Bouchard, 1998) . All crabs were submitted to a macroscopic examination of the gonads, and the stages of gonadal development were determined based on the shape, color and size of the ovaries, testicles and vas deferens (see : Choy, 1988; Abelló, 1989; Gonçalves et al., 2016a) . Beyond the juvenile stage, two gonadal stages were differentiated in adult females: spent (SP) (thin and whitish-colored ovaries) and reproductive (RE) (with thicker and orange-colored ovaries). Similarly, the stages for adult males were spent (SP) (translucent and thin vas deferens) and reproductive (RE) (with a thicker and white-colored vas deferens [for more details, see Choy (1988) and Abelló (1989) ]. Females carrying embryos (fertilized eggs) adhered to the pleopods (ovigerous females-OF) were described in posterior analyses.
Environmental characterization
Environmental factors related to the water column (temperature, salinity and chlorophyll) were measured using a EUREKA Ò multiparameter probe (Manta 2-4.0), for each month at each of the seven sampling stations throughout the entire study period; only the chlorophyll content of the water was analyzed over one year (January through December 2013).
Sediment samples were obtained during each season at all sampling stations using a Petersen grabber and were frozen until analysis in the laboratory. The samples were dried (70°C for 72 h), and a 10-g subsample from each sample was ash-weighted to determine the organic matter content (OM) of the substrate. Additionally, 100-g subsamples were used to determine the grain size based on the phi scale according to the methodology proposed by Hakanson & Jansson (1983) and Tucker (1988) and adopted by Castilho et al. (2008b) .
Grain size categories followed the American standard, i.e., sediments were sieved through 2 mm (gravel); 2.0-1.0 mm (very coarse sand); 1.0-0.5 mm (coarse sand); 0.5-0.25 mm (medium sand); 0.25-0.125 mm (fine sand); and 0.125-0.063 mm (very fine sand), and smaller particles were classified as silt-clay. Fractions were expressed on the phi (/) scale, i.e., using the formula / = -log 2 d, where d = grain diameter (mm) (Tucker, 1988) ; e.g., -1 = / \ 0 (very coarse sand); 0 = / \ 1 (coarse sand); 1 = / \ 2 (intermediate sand); 2 = / \ 3 (fine sand); 3 = / \ 4 (very fine sand), and / C 4 (silt ? clay). Finally, / was calculated using cumulative particle size curves that were plotted on a computer using the / scale with values corresponding to the 16th, 50th, and 84th percentiles used to determine the mean diameter of the sediment according to the formula Md = (/ 16 ? / 50 ? / 84 )/3 (Hakanson & Jansson, 1983; Tucker, 1988) .
Statistical analysis
In this study, the number of crabs showed non-normal and non-homoscedastic distributions based on Shapiro-Wilk and Levene tests, respectively. Thus, differences in the abundance distributions of the crabs were tested by performing a Kruskal-Wallis test in each spatial and temporal scales, and for cases in which differences were observed between samples, a post hoc test (Student-Newman-Keuls method) was employed. Sex ratios were evaluated by a v 2 test. The relationships between environmental factors (temperature, salinity, phi, and OM) and the abundances of adult females, ovigerous females, adult males, and juvenile individuals were evaluated using multivariate canonical correlation analysis (CANO-NICA), which directly measures the strength of the relationship between two sets of variables. The first set consists of the environmental conditions and the second of the abundance of each group of individuals. The values of the variables were transformed (log(1 ? x)) prior to analysis, according to Castilho et al. (2008b) .
To assess the time lag between spawning and juvenile recruitment, the temporal distribution of the ovigerous females was compared to that of the juveniles through temporal series analyses (crosscorrelations). Such analyses test for correlations in the data in the cause-effect intervals (lags) consisting of the three months prior to or after a given time point. Association coefficients between 0.99 and 0.7 were strong; those between 0.69 and 0.4 were moderate; and those between 0.4 and 0.1 were weak (for more details, see Castilho et al., 2015) . For all of the statistical analyses performed in this study, we adopted a 5% level of significance (Zar, 1999) .
Results
Throughout the sampling period, we collected 921 spider crabs that, when separated by life stage, included 564 benthic (non-associated) individuals and 357 individuals living in association with L. lucerna. Peaks in the abundance of benthic individuals were recorded in September 2012 (winter) and January 2014 (summer). There were differences in the distribution of individuals throughout the studied months (Kruskal-Wallis: H = 37.1, P = 0.02), but the only months that differed significantly from each other were September 2012 and March 2012 (Fig. 2a) . The highest density of collected specimens was recorded at sampling station I, and this value was significantly different from those of the other stations (KruskalWallis: H = 67.51, P = 0.00). The densities at sampling stations VI and VII were equal (Fig. 2b) .
Crabs living in association with L. lucerna were more abundant in Mar/14 (summer), and this value was significantly different from those observed in the other months (Kruskal-Wallis: H = 38.1, P = 0.0009, Fig. 2c ). The highest abundance of such individuals was recorded at sampling station VI (Fig. 2d) , although no statistically significant differences in abundance were observed among the sampling stations (KruskalWallis: H = 6.477, P = 0.3719).
The influence of environmental factors
We observed higher rates of capture of symbiotic individuals at temperatures between 25 and 28°C and at salinities between 30 ppt and 34 ppt; benthic crabs were more abundant at temperatures between 28 and 31°C and salinities between 34 ppt and 38 ppt. Benthic crabs were found in higher abundances at phi values [3 (mainly [4) and at OM values of 5-10% and 15-20% (Fig. 3) .
The analysis of the effects of environmental factors on the abundances of the different demographic groups (adult females, ovigerous females, adult males, and juveniles) revealed correlations among all of the factors and groups (CANONICA: r = 0.44, P = 0.001) with a significant first canonical pair (r = 0.30, P = 0.048). The canonical loadings (types of correlations among the variables) and the canonical weights (magnitudes of the relationships among the environmental factors and the biological data) are shown in Table 1 . The environmental factors with the highest canonical loadings ([0.5) were salinity (-0.86) and phi (-0.65), although only salinity had a high canonical weight (-0.76). Ovigerous females were the only demographic group to show both a high canonical load (-0.85) and weight (-1.49). (Fig. 4a) . Among all of the collected males, only 13% were reproductive. There was no clear pattern of abundance and distribution of male crabs throughout the study period.
The size of juvenile females varied from 4.23 to 44.44 mm CW, while the variation in the size of adult females was from 30.2 to 71.6 mm CW. The mean size class of 46.5 mm (45-48 mm CW) exhibited the highest abundance, and this size class also had the highest abundance of ovigerous females. The largest ovigerous female had a CW of 71.64 mm. There were 36 females in the SP stage (30.2-59.74 mm CW), 36 in the RE stage (38.9-59.4 mm CW), and 192 F OVG individuals (38.08-71.64 mm CW) (Fig. 4b) .
Ovigerous females were continuously present with peaks in January, June, August, September, and November 2013 and in January 2014, when we b Fig. 3 Variation in the mean abundance of the spider crab Libinia ferreirae Brito Capello, 1871. Abundance of benthic and symbiotic individuals, showing the catch per unit effort (CPUE) in terms of a bottom water temperature (°C), b phi, c bottom water salinity (ppt), and d organic matter content (%). The values of the X-axis represent the midpoint of classes, i.e., temperature 17.5°C = 16-18.9°C, phi 1.5 = 1-1.9, salinity 20 = 18-21.9, organic matter 2.5 = 0-4.9%
observed the greatest number of individuals during the study period (Fig. 5) . Approximately 85% of the sampled ovigerous females presented developing or developed gonads. Juvenile individuals showed two abundance peaks in September 2012 and March 2014, which were both preceded by peaks in the abundance (Fig. 5) . Consistent with the correlation between the abundance of ovigerous females and juvenile individuals, we observed a 2-month lag in the correlation, i.e., we observed increases in the number of juvenile individuals 2 months after the peaks in the abundance of ovigerous females (cross-correlation: r = 0.96, P \ 0.05). The highest abundance of ovigerous females was recorded at sampling station I (Fig. 6a) , while symbiotic individuals were more abundant at sampling station VI (Fig. 6b) . Additionally, the highest abundance of reproductive males was recorded at sampling station IV. In the estuarine region, only 11 benthic individuals were sampled (7 females and 4 males), all at sampling station V. Peaks in the abundance of ovigerous females (January, June, September, and November 2013) preceded periods of peak phytoplankton production (March, July, October, and November 2013) (Fig. 7) .
Discussion
Spatiotemporal distribution
Our study found variation in the spatiotemporal distribution of the spider crab population in the region of Cananéia, which is consistent with the results obtained for the congener species Libinia spinosa H. Milne Edwards, 1834, in the southeastern Brazilian (Braga et al., 2007) . We found clear shifts in habitat use of the species throughout its life cycle (from symbiotic juveniles to benthic adults). In terms of temporal distribution, Carmona-Suárez (2003) observed a similar pattern in Maja crispata Risso, 1827, for which one of the highest peaks in the total abundance of benthic individuals was observed during winter, while the highest abundance of ovigerous females was observed during summer. Symbiotic (juvenile) crabs also presented a higher abundance in summer in our study. In accordance with the results of Anger (2001) , there is a greater food supply and higher temperature levels in this period, which can accelerate larval hatching and thus shorten the duration of larval stages. Braga et al. (2007) also found a greater number of L. spinosa juveniles in summer and adults in winter in the region of Caraguatatuba, São Paulo.
The low abundance (or even the absence) of individuals in some months of the year was also observed by O'Brien et al. (1999) studying Libinia dubia H. Milne Edwards, 1834 and Libinia emarginata Leach, 1815. The latter authors propose that crabs can enter a state of dormancy or migrate to other areas during some periods of the year, while DeGoursey & Auster (1992) observed that L. emarginata actually migrates to deeper waters during the winter, where individuals remain buried in the substrate until spring. Similar mechanisms may help explain the low abundances of individuals during the autumn and winter. However, studies that consider a higher bathymetric amplitude are needed to confirm such migratory patterns.
In contrast to the pattern observed for symbiotic individuals, adult crabs were not commonly found at estuarine sampling stations, which suggests that juveniles and adults do not compete for environmental resources throughout their life cycle because they exhibit different life habits and requirements during their development and thus occupy different spaces over time (Dionne et al., 2003; Sforza et al., 2010) . Thus, juveniles occupy host spaces (jellyfish) and thus occur in different places than adults because of their planktonic life stage (Nogueira Jr. & Haddad, 2005; Sal Moyano et al., 2012) .
The influence of environmental factors
The environment appeared to directly influence the life habits of L. ferreirae. Environmental features, such as water temperature, can alter crab development, mainly in terms of growth rate (Hartnoll, 1963; Petriella & Boschi, 1997) . The distribution pattern observed in this study allows us to infer that adult crabs are most likely to be found in areas with higher salinity and temperatures, so the variation in salinity likely drives the abundance of ovigerous females (the number of ovigerous females tended to increase as salinity increased). Studying Maja brachydactyla Balss, 1922 , Rotllant et al. (2014 concluded that salinities higher than 38 ppt can drastically decrease larval survival and be a limiting factor in the life cycle of this species. Such intolerance to salinity was also observed in a congener species by Charmantier (1998) , who showed that many Majoidea crabs, such as L. emarginata and Chionoecetes opilio (O. Fabricius, 1788), are weak regulators (or osmoconformers), which is an important factor in the settlement of many crustacean species. In contrast, the occurrence of symbiotic larvae and juveniles in areas with higher concentrations could be a consequence of the tide flows that carry the cnidarian hosts of the crabs to such habitats (Sal Moyano et al., 2012) . Jellyfishes can withstand a wide salinity range (Schiariti et al., 2008) , but their symbionts must tolerate this environment salinity. Benthic crabs seem to show some preference for sediments composed mainly of silt ? clay and very fine sand, as observed in L. spinosa in the Caraguatatuba region (Braga et al., 2007) , so the great abundance of individuals (especially ovigerous females) observed at sampling station I (where the sediment was mainly composed of very fine sand) may be associated with the burrowing behavior of some majoidean crabs. For example, research by Winter & Masunari (2006) stated that L. ferreirae spends most of its time buried in the sand, and only individuals with epizoic relationships have been observed emerging from the sediment. Ovigerous females are strongly influenced by sediment texture because they exhibited limited movement and must burrow to avoid predators (Winter & Masunari, 2006) . Additionally, females can use the nutrients found within the sediment as an alternative food source (Braga et al., 2007) . Bas et al. (2007) in a study of a grapsoid crab, Chasmagnathus granulatus Dana, 1851, reported that environmental food availability was a key factor in egg production by females because food scarcity can considerably reduce fecundity.
Reproductive biology
Ovigerous females were collected during most of the studied months, and a large portion of them showed developing or even fully developed gonads in the process of generating a new embryo mass. González-Gurriarán et al. (1998) reported the same pattern for Maja squinado (Herbst, 1788); females with embryo masses in advanced stages of development (near larval hatching) exhibited mature ovaries. According to these authors, females of this species can copulate when eggs are still attached to their pleopods because their gonads are already developed and are capable of storing new spermatic masses. Thus, females can engage in up to four successive spawnings without copulating, as observed in C. opilio, the females of which can produce a new mass of eggs approximately three days after larval hatching (Elner & Beninger, 1995) .
Our study demonstrates that L. ferreirae presents a continuous reproductive pattern as observed for L. spinosa, which also occurs in a subtropical region (Braga et al., 2007) . It is noteworthy that we observed a peak in the abundance of juveniles two months after a peak in ovigerous females, which is a pattern that characterizes continuous spawning (Crocos & Van der Velde, 1995) . The occurrence of juveniles was continuous even though the highest recruitment peak was observed in summer 2014 when higher temperature levels were recorded.
An increase in the abundance of ovigerous females was observed as chlorophyll levels (phytoplanktonic production) increased, which is consistent with the patterns proposed for crustaceans with planktotrophic larval stages. Because phytoplankton forms the base of the food web, serving as a food resource for innumerable species with larval stages, its presence triggers several stimuli that initiate the incubation of crab embryos and successive larval hatching (Starr et al., 1994; Elner & Beninger, 1995) . In the present study, we also observed that peaks in primary productivity were associated with periods of high temperatures, as observed by Vega-Perez (1993) . The association of larval hatching with oceanic productivity could explain the success in juvenile recruitment approximately two months after the peak in the abundance of ovigerous females.
The onset of sexual maturity in both sexes is consistent with the results obtained by Sal Moyano et al. (2011) and Gonçalves et al. (2016b) . The sizes of smaller male and female individuals in the SP stage were similar, although males in this phase exhibited a larger CW range. Males in the RE phase had smaller initial sizes than females, but their size range was greater, which was expected because males reach gonadal maturity at smaller sizes than females. The F OVG initiated at the smallest sizes in the RE range, reaching the size of the largest males (Gonçalves et al., 2016b) . In our study, the adult size range was large, but Majoidea crabs have pre-pubertal and terminal molts (Hartnoll, 1963 (Hartnoll, , 1982 that do not allow them to undergo successive growth molts when transitioning from the juvenile to adult stages. This would be an impediment to undergoing numerous molts after maturity, so the different sizes can be explained by genetic, food-related, and other factors (Hartnoll et al., 1993) . A wide range of sizes have been observed in other studies, such for the genus Chionoecetes (Somerton, 1981; Comeau & Conan, 1992) , and these size differences may be a consequence of the age at sexual maturity or growth rates (González-Gurriarán et al., 1995) . In majoidean crabs, the high variability in size at the onset of sexual maturity is a common phenomenon, especially in males, because the terminal molt can confer morphometric maturity (Hartnoll, 1963; Conan & Comeau, 1986; Comeau & Conan, 1992) . According to Hartnoll et al. (1993) and González-Gurriarán et al. (1995) , spatiotemporal differences in environmental conditions (especially temperature and food availability) can also influence individual growth rates, resulting in increases or decreases in the sizes of individuals.
The observed 1:1 (F:M) sex ratio in the early developmental stages in consistent with the results of Fisher (1930) because there is no agonistic behavior related to reproduction during these stages. However, it was possible to recognize a predominance of adult females relative to adult males. In contrast to the results obtained in this study, González-Pisani (2012) observed a 1:1 sex ratio in L. spinosa adults, and DeGoursey & Auster (1992) found similar proportions in L. emarginata. The difference in the abundances of males and reproductive females observed in our study may be associated with the differences in environmental occupancy observed in each sex or with the constant rivalry between territorial and/or reproductive individuals, which could result in higher male mortality as stated by Hartnoll (1969) . Additionally, males can have different distributions and occur in other regions that were not included in this study (Diesel, 1986) .
Conclusion
We conclude that L. ferreirae completes its life cycle in the littoral adjacent to Cananéia because we sampled specimens of variable body sizes, life stages (i.e., juvenile, adult, and reproductive), and lifestyle habits (symbiotic and free-living crabs). Individuals living in association with medusae seem to be carried by their hosts into the estuarine environment and thus must tolerate wide variations in salinity and temperature. Sediment texture seems to directly influence the burrowing activity of ovigerous females that exhibited higher reproductive activity in the summer, during which we recorded effective spawning.
This study highlights the importance of preserving marine environments because L. ferreirae inhabits two different environments during its life cycle. We also observed differences in habitat occupation between juveniles and adults; L. ferreirae depends on jellyfish to successfully complete its ontogeny. The peculiarity of Cananéia region is a key factor in modeling the population dynamics of this species; if the environmental conditions do not favor development and reproduction or if there is great pressure from the fishing activity in a given area, the structure of a population can face collapse. The information presented here can be used as a basis for the management of coastal marine resources and for the preservation of bycaught species, which are also affected by fishing activities during their life cycle (e.g., L. ferreirae). Additionally, it is essential to conduct further studies focusing on aspects of community and behavior as well as ecological relationships and the influence of such parameters on the local ecosystem.
